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Executive Summary

Program Background and Objectives

The Massachusetts Higgfficiency Heating Equipment Rebate Program (HEHE) offers prescriptive
rebates of up to $1,600 for the installation of new higfficiency natural gas heating and water heating
equipment. The objecte ofthis evaluation was to determine gross energy savings for gas furnaces and
boilers installed through the HEHE programd refine the estimates of baseline efficiency and heating
consumption. The evaluation sought to answer the following researclpgstions:

1 How much energy is being saved for the average installation of efficient space heating
equipment through the Massachusetts HEHE program?

1 How does then situefficiency ofstandard efficiency furnaces and boilers that are installed
outside ofthe program compare ttheir rated efficiency?

1 How does then situefficiencyof existing equipment that is retired early compareitorated
efficiency?

1 How are condensing boilers being installed and controlled, as it relates to their potential
saving?*

Methodology

The team sought to assess home heatagd boiler hot water) consumption and annual heating loads
for all types oinstallations the efficiency of baseline space heating equipment, and the efficiency of
new space heating equipment prarted through the program. With this in mind, the evaluation team
designed the field portion of the study with two main components:

1.

Spot measurement of baseline and new equipmantsitu efficiency. This task provided

efficiency estimates to reduce the ugrtainty around new, early retirement and standard

baseline furnace and boiler performance, including oil units. Additionally, spot measurements of
baseline equipment provided an opportunity to better estimate fuel switching sa¥ings.

Longterm meteringof postretrofit high efficiency equipmentmajority of 20132014 heating
season). This task refined estimatesaohualheating load for furnaces and boilers. Logging of
operating parameters was particularly important for condensing boilers waffigercy is
dependent on return water temperaturel'he team minimized costs and uncertainty by
conducting a preliminary billing data disaggregation. The metering sites were selected from
within the billing data disaggregation population in a nested samplingydesi

The high efficiency of condensing boilers relies on a low boiler return water temperature, which means that

differences in installation practices that impact return water temperature have a large impact on savings.

For new higkefficiency boilers, lonterm metering data also informed efficiency estimates as efficiency varies

with return water temperature on all condensing boilers. Oil measurements are relevant only for fuel
conversion baselines; the evaluation did not calculate any oil savings.




Results
The following sections present savings for furnaces and boAdirsavings in this report are firgear
savings.

Furnace Results: Replace on Failure

Tablel summarizethe verified savings estimates for furnaces. Tésults were calculatedsing the

new baseline of 8percentAFUE thathe PAswill usefor replaceon-failure unitsfrom 2014 forvard;

this calculation does not include an evaluation adjustment since the baseline is a negotiated value.
Results based on a rated baseline ofpgdcentAFUE with the evaluation adjustment for actual unit
performancecan be found in Appendix E. The teayarfd that on average, standard efficiency furnaces
performed slightly better than their rated efficiencies.

Tablel. Furnace Savings Findings

2013 Report| Rehtive

Measure AFUE Type Efficient Baseline Vefl'_?]i?rso TRMROFE | Precision at
AFUE AFUE Savings Therm 90%
Savings Confidence
95% AFUE Rated 95.2%
Furnace ROF 75 147
Baseline Verified 95.4% Negotiated
Baseline: 8.7%
97% AFUE Rated 97.0% 85%
Furnace ROF 86 162
Baseline Verified 97.2%

The primary drivefor reduced furnace savings was the fact that typical furnace participant heating
consumption was lower than assumed in the current savings methodology. This is likely because the
current methodology useseannualheat load estimate for aiassystem tygs, and this evaluation

found that the averageatrticipant high efficiencfjurnace home uses legmsthan the average
participanthomein Massachusettd Furnace savings were also reduced becaisghanges to the
deemed baseline efficiency

BoilerResults: Replace on Failure
Table2 and Table3 summarize the verified savingsr standard boilers and combination boiléts.

% The evaluation team conducted additional research to understand factors driving lower heating consumption in
furnace homes; these findings can be found in Appendix D.

* Combination boilers are boilers that provide a combination of heating and hot wateré contained unit. By
including a small insulated hot water tank inside the same box as the boiler, these units preclude the need to
install a separate indirect hot water heater.




Table2. Standard Boiler Verified Savings
2013 Report

AFUE | Efficient WEMIEEROIE) o i NENE
Measure Tvpe AFUE Baseline AFUE Therm Therm Precision at
yp Savings . 90% Confidence
Savings

0,
90% AFUE Boile  2t¢d 92.7% 110 104
ROF Baseline Verified 87.2%

q . Rated: 82.0%
95% AFUE Boile  2t© 95.0% - 137 123 9.9%
ROF Baseline Verified 89.4% Verified:
79.3%

0,
96% AFUE Boile  2t¢d 96.0% 148 131
ROMaseline Verified 90.3%

The team found that although boilers serve lartgexds than the deemed savings assumeerified
savings estimates amilar tocurrent deemed values because higfiiciency boilers are operating

well below their rated efficiency. The average operating efficiency of the metering sdéstgtelard and
combination systemsyas 88.4percent,almost six percentage points below the aage rated new
efficiency of 94ercent.The team also found that baseline units operate below their rated AFUE, but
not as significantly as higfficiency equipment and for different reasorihe primary cause for lower
efficiency in this group is that lders are not fully utilizing available controls such as outdoor reset to
keep supply and return water temperatures low enough to achieve condensing operatioost cases
TheBoiler Resultsection includes additional detail on thefidings

® On average, boilers had both higher heating and higher hot water livemiswere used in the deemed
assumptions.




Measure

Table3. CombinationBoiler Verified Savings

Weighted
Average
Verified ROF
Therm

REIEINYE
Precision at
90%
Confidence

Verified
ROF
Therm
Savings

2013 Report
TRM ROF
Therm
Savings

Assumed
Baseline
Case

Assumed
Efficient
Case

AFUE

Type

0,

XGm: | Cl Rated 92.2%

N ombination
Combination
Boiler Indirect i 86.8%
ROF Baseline Verified Combination
KPEE | Cl g 922%
Combination Combination
Boiler
Standalone DHW v/grified 86‘_8%_
ROF Baseline Combination

95%
Xppz *C Rated Combination
Combination
Boiler Indirect ified 89.4%
ROF Baseline  Verfied o, bination
Xppz M Cl o Rated 95%
Combination Combination
Boiler
Standalone DHW vsgrified 89.4%
ROF Baseline

82% Boiler
with Indirect

79.3% Boiler
with Indirect

82% Boiler

0.575 EF DHW

79.3% Boiler

0.575 EF DHW

82% Boiler
with Indirect

79.3% Boiler
with Indirect

82% Boiler

0.575 EF DHW

79.3% Boiler

Combination 0.575 EF DHW

Savings

88
96 178
130
10.6%
113
121 -
155

*This is a new measure and thus there is no TRM savings estimate for comparison.

As with standard boilergombinationboilers operated well below their rated efficiency. Homes with
combinationsystems also tended to serve smabiemualloads than homes with standard boilers,

further reducing savings estimatebhis could be due to a number of factors sucle@®bination

systems being installed in smaller, newer or better insulated hofies.team calculated savings for two
baseline options: a boiler and a standalone domestic water heater, or a boiler with an indirect domestic
water heater. Based on 2013 tracking data amesite observations of the presena# indirect versus
standalone water heaters, the team estimates that approximately 80 percent of standard (i.e. not
combination) boilers have indirect water heaters. The weighted average savings valiadsad reflect

this baseline share.

Early Rérement Results

The goal of this research was to understand the relationship between rated and actual performance of
these units. Due tdifficulty recruiting, the teanonly visited 38 sites across four equipment types and
was not able to collect enough data to providstatistically validjuantitative adjustment to early

retirement baseline efficiency




Although the tam did not adjust the baseline with data from this portion of the stullg early
retirementresearch did point to the following qualitative findings:

1 Thereis notmuch difference in the ratios of actual to rated performancekifand newgas
units. For the group ofearly retirementgasunits less than 30 years old, the evaluation did not
find evidence of significant degradation of efficiency.
f ¢KS NBadzA# 1a akK2gSR GKFG (KpgercenB\FUEIMay ndtBeli A NBY Sy (¢
appropriate for units less than thirty years old and should be reviewed in future planning work.
All but one sampled gas unit had rated and/or measured efficiencies aboperZéntAFUE.
1 Oil units generally performed worse relative to theted efficiencies than gas units.

Given these findings, the team estimated the early retirement baseline rated efficiency as the federal
minimum efficiencies in place before the most recent standards came into effect. These efficiency
standards have ten in place since 1998arlier than the installatiof most early retirement units

under 30 years oldGiven the similarity in actual performance relative to efficiency ratings between the
early retirement and standard new group and the small earlyegtgnt sample sizes, the team applied
the standard new adjustment factors to the early retirement rated baselines as sholables.

Table4. Early Retirement Baselines

Measure Rated Baseline Verified
Baseline | Adjustment| Baseline
Furnaces 78% 78.9%

Boilers 80% 0.97 77.4%

Overall Savings Results

CKS F2tff2gAy3 GFIofSa LINBaSyd O Keemes gavidgsizialiesfdry G SI YQ
each furnace and boiler measure. The team used the percentages of gadynent and replace on

failure installations found in the 2012 HEHE and Cool Smatbrgipss evaluatiohto weight savings

from each group into a singlalue for each measur&urnace savings amalculated assumingl.7

percentearly retirement boiler savings arealculated assumingj3.2percentearly retirement and

combination boiler savings assume 32.2 percent early retirement

*¢HnMH WSEAARSYGALE 1 SFEGAYTS 2t SN HESGrasd MaketlEffeBts, and 2 f Ay 3 9
9l dA LIYSYy G wSLX I OSYSYy(d ¢AYAy3Ideé /| RYdzA DNRdJzZLJE WdzyS Hnamo:




Table5. Furnace Results, 83ercentAFUE Baseline

Verified Verified Verified 2013 Report
Measure ROF Therm ER Therm| Average TRM Therm
Savings Savings Savings Savings
95% AFUE Furnace 75 127 81 159
97% AFUE Furnace 86 139 92 173

Table6. Boiler Results

Verified Verified Verified 2013 Report
Measure ROF Therm ER Therm| Average TRM Therm
Savings Savings Savings Savings
90% AFUE Boiler 110 140 114 120
95% AFUE Boiler 137 167 141 139
96% AFUE Boiler 148 178 152 147

Note: Boiler avings include hot water loads from indirect water heaters.

Table7. Combination Boiler Results

Verified | Verified \A/\‘f;':;ede szggteed
Measure Baseline | ROF Thern] ER Therm 9 rag

Savinas Savings Therm Verified

g g Savings | Therm Saving Savings
90% AFUE V\?;?grdﬁg’a”t; 130 159 139
Combination Indirect Wat 104 238
Boiler hdirect Vvater 88 111 95
Heater
Standalone

95% AFU!E Water Heater 155 184 164
Combination IndirectWat 129 -
Boiler hdirectivater 113 136 120

Heater

Program Implications and Conclusions

This evaluation provided revised savings estimates for-&ffitiency furnace and boiler replacements.

In addition, the team noted several key findings:

1 There are differences iannualheating load between equipment type8verageannualheating
loads for HEHENstalledfurnaces anadombinationboilers were 26ercentand 19percent

A & ortdeXiSaRactalife Neatdhslivedird thelhéme by tieButdace or
GKS GKSNXIE aft2FRé 2y G(KS KSIGAy3

"¢KS GSNXY af 2k RE
boiler over the course of the yearA @S ® X
consumption divided by the actual efficiency.




lower than the standard boilers, respectivelyhe team analyzed furnace and boiler home
characteristicdor over180,000 homes in the Massachusetts Home Energy SerHieS)
program and determined that these differences are largely due to the fact that boiler homes
tend to be older, larger and less efficient than furnace hofrlegevious deemed savings ase
the same annual heating load for both furnaces and boilers.

1 Itis important to consider standby and cycling losses in addition to combustion efficiency when
evaluating gravitydrafted equipment such as standard and early retirement boilers and
furnaces.Older boilers in particular can have higher standby losses due to their large mass,
especially when servirtgpt water loadsyearround.

1 Highefficiency boilers are not being installed to maximize potential saviftgs PAs should
considerways to improveboiler operating efficiency through quality installatiaand contractor
and homeowner educatioThe Program Considerations and Conclusions section of this report
discusses specific recommendatidas further researchin this area.

f Manyoldergasfurngad Iy R 02 Af SNE& tir€2SWairé R SNIRIR LAYSSIYNiE &K | N&SS

least 75percent even when considering actual instead of rated performance. The PAs should
use the revised early retirement baselines showmatle4 andbroader research on early
retirementunits less than thirty years olday be needed if early retirement participation
increases

9 Evaluation research suggests that as many ase8fept of new combination systems are
replacing boilers with indirect water heaters, but the TRM currently assumes a boiler and a
standalone water heater as the baseline. Since the baseline system has a significant impact on
savings, the PAs should considenducting additionabaselineresearchand/or requiring
application information on what combination systems are replacing.

® There was not sufficient data to also make this comparison for combination systems, but the team believes these

homes are also likely smaller and newer than standard boiler homes. Additional detail on the analysis of HES
participants can be found in Appédix D.




Program Background and Objectives

The Massachusetts Higtfficiency Heating Equipmehtitiative (HEHEYffers prescriptive rebas of up
to $1,600 for the installation of new higgfficiency natural gas heating and water heating equipment.
As shown imable8, this evaluation focused on higéfficiency furnaces and boilers with and without
domestic hot water (DHW).

Table8: Initiative Heating EquipmenMeasures

: Evaluated in

Furnace >=95% AFUE $300 Y

Furnace >97% AFUE $600 \Y

Standalone Boiler >=90% AFUE  $1,000 V

Standalone Boiler >=95% AFUE  $1,500 Y,

Boiler with DHW >= 90% AFUE = $1,200 \%

Boiler with DHW >=95% AFUE $1,600 V
Heat Recovery Ventilator $500
After-Market Boiler Reset Controls ~ $225

SourceGasNetworks

The objective of the evaluation was to determine gross energy savings for gas furnaces and boilers
installed through the HEHE program and refine the estimates of baseline efficiency and heating
consumption. The evaluation sought to answer the followingaeshable questions:

1 How much energy is being saved for the average installation of efficient space heating
equipment through the Massachusetts HEHE program?

1 How does then situefficiency of standard efficiency furnaces and boilers that are installed
outside of the program compare to their rated efficiency?

1 How does then situefficiency of existingquipment that is retired earlgompare to its rated
efficiency?

1 How are condensing boilers being installed and controlled, as it relates to their pdtentia
savings?

°  The high efficiency of condensing boilers relies on a low boiler return water temperature, which means that differences in

installation practices have a large impact on savings.




Methodology

For retrofit space heating equipmeand combination heating and hot water equipmettiere are
three major parameters that determine energy savings:

1 Annual lome heatingand combined heat and hot watésad (for all types of replacements)

1 Efficiency of the baseline space heating equipmeither existing equipment for early
retirementand fuel switching participants or standard efficiency equipment for replacement on
failure participants

9 Efficiency othe new space heating equipment promoted through the program

In order to assess these major parameters, the evaluation team designdiglth@ortion of thestudy
with two main components:

1. Spot measurement of baseline and new equipmentsitu (measured)efficiency. This task
provided efficiency estimates to reduce the uncertainty around new, early retirement and
standard baseline furnace and boiler performance, including oil units. Additionally, spot
measurements of baseline equipment provided an oppoitipto better estimate fuel
switching saving¥’

2. Longterm metering of postretrofit high efficiency equipment(majority of 20132014
heating season). This task refined estimatearafualheating load for furnaces and boilers.
Logging of operating parartexs was particularly important for condensindpere efficiency
is dependent on return water temperatur&@he team minimized costs and uncertainty by
conducting a preliminary billing data disaggregation and using a nested sampling approach.

The metering sites were selected from within the billing data disaggregation population in a nested
sampling desigrlable9 describes the scope of dirationale for each evaluation activity.

% For new higkefficiency boilers, long term metering data alsforms efficiency estimates as efficiency varies

with return water temperature on all condensing boilers.




Table9. Evaluation Activities

Target Sample

Early Retirement Gas and Oil
Boiler and Furnace Spot
Measurements of Efficiency

Standard New Gas Boiler and
Furnace Spot Measurements ¢
Efficiency

New Efficient Gas Boiler and
Furnace Spot Measurements ¢
Efficiency *

New Efficient Gas Furnace
Metering

New Efficient Gas Boiler
Metering

Analysis of Furnace Partieift
Billing Data

Analysis of Boiler Participant
Billing Data

Determine the ratio ofn situoperating efficiency to
nameplate efficiency for furnaces and boilers replaced
early retirement situations.

Determine the ratio ofn situoperating efficiency to
nameplate efficiency for new, standard efficiency
furnaces and boilers.

Determine the ratio ofn situ operating efficiency to
nameplate efficiency for new, high efficiency furnaces ¢
boilers.

Determine the operating hours associated with natural
gas furnaces in Massachusetts.

Determine the operating hours associated with natural
gas boilers in Massachusetts and refine estimates of
operating efficiency for condensing and modulating
boilers.

Extrapolate furnace metering stdample results to
determine average operating houahd associated
savings for all participants.

Extrapolate boiler meteringub-sample results to
determine average operating hours and associated
savings for all participants.

30 Gas Furnaces
30 Gas Boilers
30 Oil Furnaces

30 QOil Boilers

30 Gas Boilers
30 Gas Furnaces

70 Gas Boilers
35 Gas Furnaces

35 Gad~urnaces

70 Gas Boilers

1000 Furnace
Participants

1000 Boiler
Participants

* These units are the same as the new efficient gas furnace and boiler metering samples.

Overview of Approach
The team used a nested sampling approach in order to maximize the precision of results while keeping

on-site sample sizes and associated costs low. This appbeaEmg A § K | & T A NEper- LK &S ¢
participant billing data disaggregation analysis.

The first phase sample sizes were large and encompassed a wide range of participant behaviors,
allowing for a smaller osite sampleFigurel illustrates this concept.

11

See Spencer et aRevisiting Double Ratio Estimation for Mitigating Risk in High Rigor Evalliish|EPEC.

10



Figurel. Nested Sampling Approach

ProgramPopulation

Billing Data
Disaggregation

Onsite
Metering

We obtained the first phase estimate annualheating systentonsumptionby disaggregating large
samples of participant billing data in order to incorporate a wider range of participant home
characteristics and behaviors in the final resaltsl eliminate sample bias.

Figure2 shows how the measured parameters from each of these analysis components were combined
to calculate savings.

11



Figure2. Savings Calculation for Heating Equipment

N

[ Pnase | Sample:
Billing Data

“‘ Disaggregation “

1

| 5

Estimated Heat On-site Metered Gas
Loads at Home ——Sample Consumption at In-situ Eficiency Rated Eficiency
Level Only Furnace Level
Ratio of Ratio of In-Stu
Metered to to Rated
Estimated Heat Hficiency by
All of Phase | Load Group
Sample l (Rarue)
" Final Estimate of Gas
> Heating Load
(Load)

T v

Savings = Load X (

1 1
AFUEE‘.‘ESEI X RAF‘UE,E‘.'ESE HFUEEE X RAFUE_.EE)

Metering Approach

Longterm Metering

The team reviewed and cleaned the metered data using visual quality control (QC) techniques. We then
combined spot consumption measurements, consumption interval metering data, artghmen

metering datato calculate estimated consumption per furnace and boiler for the duration of the

metering period.

Furnaces
For furnaces, the team used the following equation to derive metered gas consumption estforates
single and dual stage furnacésTable10shows how each measuremeiibws into the equation.

2The team excluded modulatingrhaces from the metering sample because they would require an alternative
metering configuration. This should not create any bias because there is no reason why the ratio of the metered
data to the billing data disaggregation should be different for mating furnaces. Modulating furnaces were
included in the billing data disaggregation sample.

12
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Tablel10. Furnace Measurements

Run time for each stage of

State (on/off) loggers on gas valves ) . Yo®Eoi i
unit operation
) Used tocalculateY 6 8¢ 61 i in
State loggers on blower motors Backup total run time ,
event of logger failure
Spot measurements of gas consumptio Rate of gas consumption fao 6 OXE O

at each stageisingthe utility gas meter = each stage

Boilers

Theefficiency of condensing boilers varies with return water temperatumd most condensing boilers
fully modulate over a wide range of input and outplihe team metered the return water temperature
along with the supply temperature to monitor both the ef@ncy of the boiler and the temperature
delta across the boiler. The team used the following equatizthmeasurements to determine total gas

O2yadzyLliA2y s lFaadzyAya | O2yaillyd Fi2¢6 2F 61 GSN (K
0 Q0 QIO®E D an 0 @eoed 00 6F QO
h
Where:
ao 3y
ool 6i ——

Tablell. Boiler Measurements and Definition of Variables

Indicator of when boiler is

State (on/off) loggers on gas valves on "006 YO 0
Interval metering of supply and return = Supply and return water 3Y
water temperature temperature at interval

Estimate of water mass flow
Synchronized spot measurements of | rate in primary boiler loop
efficiency, gas consumption, and suppl: (constant)
and return temperature Rate of gas consumption fo 6 0/E 6 i—
a given efficiency angl’Y

n/a Specific heat of water

13 Condensing boilers are designed to operate with a constant flow rate and require an installation that isolates the
primary boiler pump from varying flow rates ihe secondary loops serving the house zones.

13



For additional detail on the measurement and calculation approaches for furnaces and boilers, see
Appendix B. Metered Data Analysis

Spot Measurements

The team performed combustion tests on higfficiency, standard new and early retirement units to
determine the ratio of actual performance to rated efficiency for each group. The team used one
standard test protocol for higlefficiency furnaces and atandard new and early retirement equipment
and a modified protocol for higgfficiency boilers.

Furnaces and Standard Efficiency Boilers

The team took a series of spot measurements on each furnace and standard efficiency boiler operating
in steady stateAt each site, field staff turned on the unwaited five minutes for ito warm up, and

recorded the efficiency reading from a combustion analyzer every 15 seconds for three minutes. The
final result for each unit is the average of the thiaénute test.

The analysis team observed that standard efficiency equipment, particularly furnaces, measured higher
relative to its rated efficiency than higgfficiency equipment. Part of this is due to the fact that AFUE
ratings include cycling losses, which areagee in standard equipment due to higher stack temperatures
and heat loss. A combustion test only captures the actual combustion efficiency at the time of the test.
The team applied a gercentdownward adjustment to the standard efficiency measurements to

account for this difference between combustion efficiency and AFUEe team also applied a

downward adjustment to standard efficiency boilers and all early retirement measured efficiency values.

High-Efficiency Boilers

As described above, condensinglboefficiency varies with return water temperature. This means that

a single spot measurement is not an accurate measurement of the seasonal operating efficiency of a
boiler: return water temperature varies constantly as the boiler heats up and cools,dowd may differ
depending on which zones in the home are being served and what the outdoor temperature is. The
team took a series of efficiency spot measurements concurrent with measurements of return water
temperature as described above. We then used libngterm metered return water temperature data

and the observed relationship between return temperature and efficiency from the spot measurements
to estimate seasonal efficiency for each boiler.

Baseline Equipment Spot Measurement Recruiting

Thetteam@ SR RAFFSNBY G | LIINRIF OKSa G2 NBONMtkeY SHIKBI A OA LI
equipment. For standard new units, the team recruited from public permit data, using screening calls to

confirm new units had been installed at each home. For @atisement units, the team worked with

the HEAT Loan program implementation contractor. The implementation contractor reviewed

applications to determine whether a planned replacement would meet the needs of the evaluation: The

existing unit had to be a futioning natural gas or oil furnace or boiler being replaced with new natural

gas equipment. The team screened out older units by disqualifying any replacements eligible for the

“The team relied on internal experts to inform this value, which is based on a review of the components of the
AFUE test procedure calculation method and the relative weight of cycling and stesdyeffigency.
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Early Replacement program which was ongoing at the time of the evaluatibtargeted units at least
30 years old

Billing Data Disaggregation

Navigant used participant billing records and program data on furaadeboilermodels installed to
estimate heating consumption and savings for gagticipants in eaclanalysis sample oF a complete
description of the disaggregation methodology, pleaseAppendix ABilling Data Disaggregation

Calibrated Simulation

The evaluationeamused home characteristics details collected from thesite sample to buildhree
energy modedin the Building Energy Optimization (BEopt) software developed by the National
Renewable Energy Laboratory (NREIhe purpose of the modielgwas to acarately extrapolate the
billing data from the 2012013 heating season to a typical weather year. Navigant first dadlhmodel
based on homes in the study and calibratedm such that the output aligned with the average
consumption from the participartilling records when run with actual weather data from the recent
heating season (to a difference of less than one percé®nce the model was sufficiently calibrated,
the analysis team ran the model using a Typical Meteorological Year (TMY 3) fi&&namster, MA.
TMY3 data represents typical weather patterns for the locatiéigure3 illustrates the alignment of the
billing data and calibrated natel. The lower value of the TMY3 model output indicates that 2PQ34
was a colder than average winter with higher heating usage.

> The evaluation team used the EnergyPlus engine with the BEopt software.

% The evaluation team used an actual weather file from Worcester for June@PBEY 2014 to calibrate the
model. The TMY3 file was also for Worcester. The TMY3 file efleztaverage weather from 1991 to 2005 at a
given location.
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Figure3. Calibrated Model Outputs for Standard Boiler&nnual Consumption
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The team created three models in order to accurately model each equipment type. Standard boilers
with and without indirect water heaters were grouped togeth&able12 shows the results of the
calibration for each model.

Tablel12. Model Calibration by Equipment Typ20132014 Heating Season
Billing Data Model

Model Heating Heating DFi)ffeerrC:nncEe
Therms Therms
Furnace 729 728 0.03%
Standard Boiler 924 931 -0.85%
Cor;t;:lr::tlon 757 758 -0.14%
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FurnaceResults

The team met or exceeded sample size targets for the billing disaggregation areffiégncy spot
measurements. As shown Trablel3 and Tablel4, there was some attrition for both lorggrm
metering data and standard new efficiency spot measurements.

Tablel13. FurnaceSample Dispositions

Unusable metered data (1)

Long Term Metering 35 33 Unable to retrieve loggers (1)
High Efficiency Spot 35 35 n/a

Measurements

Billing Data 1,000 1678 nia

Disaggregation

Standard New Efficiency 30 16 Efficiency >85% AFUE (11)

Spot Measurements Unable to take measurements (3,

Table14. Furnace Standard New Spot Measurement Sample Detail

Efficiency Group Included Attrition Notes

80-82% AFUE Unable to takemeasurements
90-95% AFUE S) 5 -

xppoz 1 clg 11 0 Highefficiency

Total 30 16

Tablel5 shows the results for average heating consumption for furnace participants. The final estimate
of average typical year heating consumption is 606 therms. This is less than th2@DBBeating

season estimate, indicating that the 2B2014 heating season was colder than average. The ratio of
metered to billed consumption estimates was 0.88, indicating that the billing data disaggregation slightly
overestimated average heating consumption.sTisi partly due to the fact that some homes had

multiple heating systemdhe current Massachusetts TRM furnace savings estimates are based on an
averageannualheating load of 739 therms; the final estimate of averagaualheating load for

furnaces i1 percentlower at582therms. The current TRM estimate may be higher because it is an
averageannualheat load for homes with both furnaces and boilersbecause of other differences in
household characteristics
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Tablel5. Furnace Annual Heating Consumption Findings

Rehtive
Precision at "
90% Description

Confidence
2013¢ 2014Premise
Heating Consumption, 726 1,678 1.8% Mean of site level 201:2014 heating therms
Billed
Typical YeaPremise 693 ) i Calibrated nodel heating therm output for a
Heating Consumption typical weather year

Ratio of MeteredJnit
Consumptiorto Billed
PremiseHeating

Mean ratio of metered 2012013 heating
0.88 33 3.1% therm use to disaggregated billimata
heating therm use for the same period

Consumption

Final Estimate of Typical Product of typical year heating consumptic
YearUnit Heating 606 - 3.6% therms and mean ratio of metered to billed
Consumption heating use

Final Estimate of Typical 584 i i Product of typical year heating consumptic
YearAnnualHeatingLoad and averageverified efficiency

*There are no statistical metrics for the step where the team extrapolated 2B data to a typical weather
year; this is simply a weather adjustment to provide a result than can be used for annual savings across any given
year.

Tablel6 shows the final estimates of the ratio ofitu to rated efficiency for each group of furnaces
(early retirement equipment is covered in the Early RetiremenuResection) On average, standard

new furnaces performed one percent above their rated efficiencies. The team adjusted the standard
new spot measurement combustion efficiencies downward by two percent to account for standby stack
losses, which are the pnary difference between measured combustion efficiency and the AFUE rating,
which includes cycling tests as well as stesidye efficiency. The team did not make a similar

adjustment to higkefficiency units becaushey operate atower temperatures and useforced-draft

instead of gravityinduced draft makingstack lossetesssignificant!’

" The team believes that this adjustment would be very small, on the order of 1/10 of one percent, and elected
not to make an adjustment
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Tablel6. Furnace Efficiency Findings

Rehtive
Efficiency Precision at
Group 90%
Confidence

Description

Ratio of efficiency spot

Standard measurements to rated
0,
New 1.01 16 1.1% AFUE for equipment ratec
<90% AFUE
Ratio of efficiency spot
High 0 measurements to rated
Efficiency 1.00 35 0.6% AFUE for equipment ratec

>=95% AFUE

Over the course of the evaluation tiMassachusetts PAs implemented a new negotiated baseline of 85
percent This baseline was determined with knowledge of the evaluation results, and thus the team did
not apply the adjustment to this new baseline. Results of applying the adjustment fadtoe former
baseline of 8(ercentAFUE can be found in AppendixrBblel7 shows the calculated savings using the
new deemed baseline of §tercentARJE.

Tablel7. Furnace Savings Findings

2013 Report| Relative

Measure AFUE Type Efficient Baseline Ve;[‘;;i?rso TRM ROF | Precision at
AFUE AFUE Savings Therm 90%
SEWe]S Confidence
95% AFUE Rated 95.2%
Furnace ROF 75 147
Baseline Verified 95.4% Negotiated
Baseline: 8.7%
97% AFUE Rated 97.0% 85%
Furnace ROF 86 162
Baseline Verified 97.2%
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Boiler Results

As with the furnaces, the team exceeded the sample size target for the lifiiaglisaggregation. The
boiler longterm metering sitesised acombination of several timsynchronized measurements. The
team eliminated sites where either the lostgrm metered data was unusable due to logger failure or
where the spot measurement data wasusgable due to inconsistent operation of the boiler. For more
detail on the quality control (QC) processes used to screen metered data, pleaspsaelix B.
Metered Data AnalysidJnfortunately, there was no overlap between these two groups of excluded
sites.Tablel8 summarizes the attrition for each group.

Tablel18. Boiler Sample Dispositions

Long Term Metering: Ga Unusable metered data (16)

Consumption 70 42 Unusable spot measurements (12
Lor_wg Term Metering: 70 54 Unusable metered data (16)
Efficiency

Billing Data 1,000 1,688  nia

Disaggregation
Efficiency >=90% AF&*

28 Unable to take measurements (3)*
Unable to verify nameplate (1)

*Two of the units without spot measurements were also héficiency.

Standard New Efficiency 30
Spot Measurements (36 visited)

Table19 shows the final results for average combirathualheating and water heatingonsumption
andloads for both standard and combination boilers. The team chose to analyze conarined|
heating and water heatingonsumption andoads for all boilers because field verification showed that
80 percentof standard boilers serve hot water load®wverhalf of the boilers listed as standalone
systems in the program tracking data also servedréud water heaters.) The final ratio of metered to
billing use for boilers of 1.01 demonstrates that the billing disaggregatiedictedboiler combined
heating and hot wateconsumptionwell. The results also showed that combination heating and hot
water units tend to serve smallemnualheating and hot water loads than standalone boilers with or
without indirect water heaters.
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Table19. Boiler Heating and Water Heating Consumption Findings

Rehtive
System Precision at "
Type Mean n 90% Description
Confidence

i 0,
2%35.42\?\,14 Heating Standard 1,100 1,299 2.2% Mean of site level 2012014 heating and
Consumption, Billed Combnation = 879 389 4.2% hot water therms

Standard 1,071 i ) Calibrated model thernconsumptionfor a

typical weather year

Typical Year Heating
and DHW Consumptior Combhation 847 i )
Mean ratio of metered 2012013 heating

Ratio of Metered to All 1.01 38 4.2% and hot water therm use to disaggregated

Billed Use billing data therm use for theame period
Final Estimate of Standard 1,079 - 4. % Product of typical year heating consumptic
Typical Year Heating therms and mean ratio of metered to billed
and DHWConsumption Combnation = 853 - 5.% heating and hot water use

Final Estimate of Standard 954 - -

Product of typical year heating consumptic

Typical YeaAnnual and average verified efficiency

Heating and DHWoad Combnation 755 - -

Table20 shows the final adjusted ratios of-gitu to rated efficiency for standard new and high
efficiency boilers.

Table20. Boiler Efficiency Findings

Rehtive
Precision at Description
90%

Confidence
Ratio of Standard New Adjusted ratio of efficiency spot
In-situ to Rated 0.97 25 5.5% measurements to rated AFUE for
Efficiency equipment rated <90% AFUE
Ratio of High Efficiency Ratio of efficiency spot
In-situ to Rated 0.94 42 - measurements to rated AFUE for
Efficiency* equipment rated >=95% AFUE

*Since boiler efficiency was determined using ldagn metering data, uncertainty for this parameter is included
in the consumption finding$-or details, seédppendixC. Uncertainty Calculations

The team found that both standard and higHiciency boilers performed below their rated efficiencies
for two different reasonsThe standard efficiency boiler spot measurement tests demonstrated
combustion efficiencies equal to rated AFUE on averageitAstandard furnaces, the team applied an
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adjustment factor to account for higher standby losses in graxatyted equipment. Standby losses for
standard efficiency boilers are greater than those for standard efficiency furnaces due to the
combination ofpassive venting design atarge thermal mass of the cast iron boilers with relatively
high water capacity (as compared to higfiiciency boilers)which increases the passive stack losses in
between active firing period® The team thus applied an estimated adjustment factor pe8entfor
boilers, greater than the gercentadjustment factor applied to standard efficiency furnaddigh
efficiency boilers do not experience high passive stack losses because they hasiecsgaiustion
systems with combustion air blowers running only in conjunction with a firing event.

Highefficiency boilers also underperformed relative to their rated AFUE bedhagadid not typically
attain thereturn water temperaturenecessanftypically below 120-135°F) in order to achieve
condensing of the water vapor in the flue gas which dreféisiencies above 9percent Figure4 shows
a typical efficiency versus return water temperature curve for a condensing boiler.

Figure4. Condensing Boiler Efficienty
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Over the course of the winter, metered data showed that most systems spent the majority of heating
hours ogeratingwith supply and return temperatures too high to achieve condensing. This is illustrated
by the distribution of return water temperatures for each sikggure5 shows three examples.

'® Some efficient boilers are designed with higher mdshiely are not passively vented, the mass may provide an

efficiency benefit.

PLYF3S a2dNDSY {KSys [SadGSN®W |1 2YS 9ySNH& tNRAS 4l AIK 9°
.2AESNEPE L f23 LRad mitpwhodeenemyprod. @@ pEidiilSsRloge/ Nigefioercy n d
shouldbe-a-drain-a-closerlook-at-condensing
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Figureb. Distribution of heating hours by return water temperature (RWT)
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Table21 andTable22 show the final verified savings results for each boiler measure in th& &fport
TRM. Although the higkfficiency boilers performed below their rated AFUE, verified savings ranged
from 106- 113 percentof 2013 Report TRM savings values due to larger than assanmtlheating

and hot water loads and below rated operatingdeline efficiency. As previously noted, the verified
boilerannualloads are higher than current assumptions becauseatimaualloads account for the fact
that the majority of standard boilers serve hot water as well as space heating.

Table21. Standard Boiler Verified Savings
2013 Report

AEUE | Efdem | Smesiie | CUERIRCE) o o LI
Measure Therm Precision at 909
Type AFUE AFUE . Therm :
Savings . Confidence
Savings
0,
90% AFUE Boiler  2ted 92.7% 110 104
ROF Baseline Verified 87.2% Rated:
0 82.0%
95% AFUE Boiler Rated 95.0% 137 123 10.0%
ROF Baseline Verified 89.4% Verified:
79.2%
0,
96% AFUE Boiler  2ted 96.0% 148 131
ROF Baseline Verified 90.3%
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Forcombinationsystems, the current baseline assumption is a boiler and a standard efficiency
standalone water heater. The team also estimated savings for an alternative baseline of a boiler with an
indirect water heater, whiclthis evaluation found to benore common irMassachusetté’ The

weighted average verified ROF savings use this evaluation finding and assume 80 percent of boiler
homes have indirect water heaters and 20 percent have standalone water hé5fs.team assumed

an average efficiency of 92p2rcentfoNJ (i K RercentBRUE efficient case and an efficiency of 95
percent 2 NJ { pgerBenthEE efficient case.

Table22. CombinationBoiler Verified Savings

Weighted 2013
Average Report TRM
Verified ROF | ROF Therm

Relative
Precision at
90%

Verified
ROF Ther

Assumed
Baseline

Assumed
Efficient

AFUE
Type
xhmE: ! C} Rated
Combination
Boiler Indirect .
ROF Baseline Verified
X e: | C! Rated
Combination
Boiler Standalone
DHW ROF
Baseline Verified
Xhpz ! C Rated
Combination
Boiler Indirect -
ROF Baseline Verified
X cpz | Cj Rated
Combination
Boiler Standalone
DHW ROF
Baseline Verified

Case

92.2%
Combination

86.8%
Combination

92.2%
Combination

86.8%
Combination

95%
Combination
89.4%

Combination

95%
Combination

89.4%
Combination

Case

82% Boiler
with Indirect

79.3% Boiler
with Indirect
82% Boiler

0.575 EF
DHW

79.3% Boiler

0.575 EF
DHW

82% Boiler
with Indirect

79.3% Boiler
with Indirect
82% Boiler

0.575 EF
DHW

79.3% Boiler

0.575 EF
DHW

Savings

88
96
130
112
121
155

Therm Savings

Savings

178

Confidence

10.6%

®This estimate includes an engineeribaed adjustment of eight therms of additional savings due to reduced
standby losses from an indirect tank to a smaller combination tank.
* Based on indirect system prevalence in program tracking datpd#entof noncombination systems) and
percent of bdlers tracked as standalone which-site visits verified as actually serving indirect systems (58

perceny.
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Early Ré@rement Results

The evaluation team visited a total of 38 homes with eartirgment units. Recruiting this particular

group was a challenge, and this achieved total fell significantly short of the goal of 120 total visits (30 in
each of the four groups). The team was able to convert the majority of leads that the HEAT Loan
program identiied, but there was not enough volume through this recruitment channel to meet the
evaluation plan targets. The team also made several efforts to recruit directly through contractors, but
as anticipated had difficulty getting leads even from those contracivho initially expressed interest.

The evaluation offered customers $75 to participate and contractors $25 for each converted lead.

Table23 shows the dispositions of the recruited sites. The team was not able to use all sites in the

analysis of actual to rated performance due to inability to take spot measurements and missing or

dzy OSNAFALI 0fS yIYSLI TGS RFEGF® ¢KS S@LFtdz GAz2zy GSIY
direct calls to manufacturers to verify nameplate data. Gas boilers presented the greatest challenge for
verifying nameplate data, as the consolidation of golboiler manufacturers resulted in loss of records

for older model specifications.

Table23. Early Rérement Site Disposition

: Sites with Sites with
Group et il Usable Verified Rated ey Uslol Attrition Notes

IR Measurements AFUE SAES

Recent Iviler manufacturer
Gas Boilers 11 11 6 6 consolidationcreated gaps in
nameplate data records

Fanvented flues prevented

Gas 10 7 8 5 measurements at three sites
Furnaces S

some illegible nameplates
Oil Boilers 9 9 9 9 -
o]] 8 8 7 7 One unit with an illegible
Furnaces nameplate
Total 38 35 30 27

Due to the small sample sizes and further attrition due to missing nameplate and measurement data,
the team could not provide a statistically significant quantitative baseline adjustment for any group. As
illustrated inFigure6 and Figure7, oil units generally performed worse relative to their ngtete
efficiencies and gas equipment showed similar relative performance to the standard new group. This
indicates that there may not be significant degradation of operating efficiency over the lifetime of these
units. For both gas furnaces and boilers tiesults also indicated that the average efficiencsited and
measured of many units in this early teement group may be higher than previously believed. The
majority of the sampled equipment was measured and/or rated abovperentAFUE. The team als
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encountered a small number of furnaces abovep@centAFUE: these units were all at least 15 years
old.

Figure6. Gas Equipment Rated and Measured AFUE by Age
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Figure7. Oil Equipment Rated anlfleasured AFUE by Age
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The distribution of efficiencies suggests that the current TRM baseline of 72.5 percent AFUE is too low
for early retirement units less than 30 years of agkis assumption assumed more significant
performance degradation, which thevaluation did not observe. Given this finding, the team estimated
the early retirement baseline rated efficiency as the federal minimum efficiencies in place before the
most recent standards came into effect. These efficiency standards have beendrsiplee 1992,

before the installatiorof many early retirement unitander 30 years oldGiven the similarity in actual
performance relative to efficiency ratings between the early retirement and standard new group and
the small early retirement sample sig the team applied the standard new adjustment factors to the
early retirement rated baselines as showmrirable24.
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Table24. Early Retirement Baselines

Measure Rated Baseline Verified
Baseline | Adjustment| Baseline

Furnaces 78% 78.9%

Boilers 80% 0.97 77.4%
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Final Savings Results

¢KS F2tft2gAy3 GFofSa LINBaSyid GKS S t vudsfor vy
each furnac& and boiler measure. The team used the percentages of eaihemeent and replace on
failure installations found in the 2012 HEHE and Cool Smatbrgoss evaluatiofi to weight savings
from each group into a single value for baneasureFurnace savings are calculated assuming 11.7
percent early retirement, boiler savings are calculated assuming 13.2 percent early retirement, and
combination boiler savings assume 32.2 percent early retirement.

Table25. Furnace Results, 88ercentAFUE Baseline

Verified Verified Verified 2013 Report
Measure ROF Therm ER Therm| Average TRM Therm
Savings Savings Savings Savings

95% AFUE Furnact 75 127

97% AFUE Furnact 86 139 92 173

Table26. Boiler Results

Verified Verified Verified 2013 Report
Measure ROF Therm ER Therm| Average TRM Therm

Savings Savings Savings Savings
90% AFUE Boiler 110 140 114 120
95% AFUE Boiler 137 167 141 139
96% AFUE Boiler 148 178 152 147

Note: Savings includeot water loads from indirect water heaters.

% Furnace results using the previous TRM baseline of 80 percent AFUE may be found in Appendix E.
BannmH wSaARSYGAlf 1 SooliigiEgupment Bvaiugting: MebGrass, MatketlEffeRs, and
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Measure Baseline

Standalone
90% AFUE Water Heater
Combination Indi W
Boiler ndirect Water
Heater
Standalone
95% AFUE Water Heater
Combination Indirect Wat
Boiler ndirect Water

Heater

Table27. Combination Boiler Results

Verified
ROF Ther

Savings

130

88

155

113

Verified
ER Therm
Savings

159
111
184

136

Verified
Average
Therm
Savings
139
95
164

120

Weighted
Average
Verified

Therm Saving

104

129

Savings

238
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ProgramConsiderationsaand Conclusions

Several findings from this study could have implications for the HEHE program. This section summarizes
these findings and potential next steps for the program.

Heating Consumption Differs by Equipment Type

The billing dataidaggregation and loagerm metering analyses showed that on average, homes with
furnaces ancombinationboiler systems use less gas for heating than homesstéthdaloneboilersor
boilers with indirect water heatersThis is summarized Figure8, which shows the average heating and
non-heating consumption by equipment type. These discreparaiiedikelya result of differences in
housing stockasshown with HES participant home characteristics daajacesare more likely to be

in newer and/or smaller homegSee Appendix D for additional detailfhe PAs should use updated
deemed savings values that reflect these differences and keep theserpain mind when planning

HEHE and other programs.

Figure8. Average Heating and NeHeating Consumption by Equipment Type
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Early Retirement Baselines Should Bpdated

The target group for this research was $tilictioning units less than 30 years old which participants are
choosing to replace early. For this group (though not for the very old units specifically targeted by early
NEBLX F OSYSyd LINRPINIYaL: (GKAA SOOIt dz G afZasmeicenNBE &4 S| NOK
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AFUEHSstoo low. As shown ifrigure9, the majority of sampled gas units have measured and/or rated
AFUEs between fiercentand 85percent The teanused previous federal minimum efficiency
standards (in place since 1992) to calculate savingsetammendsmplementingthesebaseline

moving forward If early retirement program participation increases in the future, the PAs may need to
conduct broader research on early retirement units less than 30 years old.

Figure9. Gas Equipment Rated and Measured AFUE by Age
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Combination System Baseline Requires Updating

The evaluation team analyzed program tracking daia antsite system type data and found that the
YI22NRGEe 2F dadl yRFNRE o02AfSNB O6ADPSd y2G O2Yo0AYLl
and not standalone water heaters. This suggests that the majority of combination systems are likely

replacing boilers with indirect water heaters. The evaluation team used a weighted average of 80

percent indirect water heaters and 20 percent standalone water heaters based on the evaluation

sample findings. Since the baseline system has a significant impaetvings, the PAs should consider

conducting additional researa@md/or requiring application information on what combination systems

are replacing.

High-Efficiency Boiler Installation Practices Leave Savings on the Table
This study demonstrated that most boilers operate well below their rated efficiency and operating
efficiency could be improved through contractor and customer educafibe. main cause for low
efficiency performance ialack of aggressive outdoor air résipply temperature curves: when high
efficiency boilers operate at supply temperatures above 14@tkrn water temperatures often exceed
the condensing range (~130°F and below) effidiency begins to drop off significantly. Outdoor reset
controls ca reduce the time a boiler spends running at high supply and return temperatures by
lowering supply temperature as outdoor air temperature increases and the home needs less heat. Over
50 percentof boilers in the metering sample showed no evidence of éffety programmed outdoor
reset controls, and only 1f2ercentshowed outdoor reset curves aggressive enough to demonstrate
significant condensing. The team conducted a #@ytel analysis of optimal outdoor reset curves and
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estimates that in a bestase senario, a boiler in Massachusetts with wpibgrammed outdoor reset
controls could see an operating efficiency improvement of up to 3 to 4 percentage points from the
average efficiency of 88gkercentobserved in this study.

The obvious programmatic solah to this problem is to improve contractor education on outdoor reset
controls and enact a quality installation program component to push contractors to implement these
controls more effectivelyThis is a simple, lowost way to recoup some of the sagileft on the table.
However, thisstep alone will not fully capture boiler savings potential in all hamierder to maintain
effective outdoor reset schedules, two criteria must be met;

1) Distribution must be sized such that boilers can meet homeda@adower supply temperatures
and/or have a large enough temperature differential to consistently deliver lower return water
temperatures at higher supply temperatures.

2) Customers must understand what to expect from their systems and set thermostat sekedul
FOO2NRAy3Iteés 2N GKSN¥yz2aidlda Ydzad 6S aayvYlINIé Sy
(i.e., begin morning warrmp well in advance of scheduled morning temperature change)

The following sections describe the issues behind each of these @@tedpotential optionsthe
programshould consideto increase the number of installations meeting them.

Distribution Sizing and Design

Many heating distributionsystems in Massachusetts were designed for older boilers which operated at

high supply tempeatures (180°F would be typical). When new héficiency systems are installed, best
practice is to perform a Manual J calculation to determine the loads in each zone and whether the

existing distribution can meet those loads at lower supply temperaturesrder for the boiler to

condense for the majority of the heating season, the distribution system must be able to meet zone

loads with 140°F supply watery” | £ € 06 dzi 0 K S .£ThB suRpfy fempeatr&wobldy R & &
typically ensure a low enougkturn water temperature for the boileexhaust aito condense most of

the time.Many homes may have zones which would require additional distribution in order to meet

peak loads at lower supply temperatures.

One option for the program is to focus conttar education on understanding this issue and require
distribution sizing analysis with each condensing boiler installation. This analysis would require:

1) Conducting a Manual J calculation for heating loads in each zone served by the new boiler

2) Calculatig heat delivery for existing distribution at supply temperatures of 140°F or below

3) Installing additional distribution as needed to ensure loads can bewhié¢ returning water at
temperaturesin the condensing range

There are several options for addingtdibution, such as higkfficiency panel radiatorgzigurel0
illustrates two examples of panel radiators, which come in many sizes and styles.
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Figure10. Example Panel Radiatdfs

An alternative to adding distribution is reducing loads in homes with boilers. With measures like
improved insulation, windows or air sealing, zone loads will decrease, meaning that the heating needs
can be met with cooler supply water.

However, additionbdistribution and envelope improvements can both be costly upgraties.
evaluation team recommendsonducting additional research on the costs and benefits of these options.

Homeowner Expectations

Homeowners who are accustomed to a standard boiler §tipg 180°F to their radiators will need to

adjust to lower supply temperaturekower supphset pointsand aggressive outdoor reset programs

ensure that boilers operate at a steady, relatively low output. The radiators may not feel as hot even
when the reat is on, and it will take longer for rooms to come to temperature after a thermostat

setback. This can lead to homeowner complaints if residents are accustomed to getting immediate
responses from their heating systems. For example, when customers pregneght setback the

system must warm the house back up in the mormirggnd homeowners accustomed to a system

running 180°F will expect this to happen relatively quickly. A new condensing boiler can provide this kind
of response if programmed to allow highipply temperatures, but will not achieve high efficiency levels
while doing soCustomers experiencing these patterns for the first time will often call back contractors,
who may remove any outdoor reset controls that had been programmed or increaseppéysvater
temperatureset point Unless homeowners understand their new systems and are willing to put in the
time to fine-tune them, this pattern will continue and boiler savings will not reach their full potential.

Use of improved thermostats with btih y G NI YLIAY 3I€ 2F GSYLISNI (GdzNBa O2 d
experience with these systems and allow more aggressive outdoor resets to be used.

The evaluation team recommends that the prograansiderincludnga customer education
component to contraadr training, so that contractors can educate homeowners on how to manage
their new boilers:

1 The boilemayrun more efficiently without setbacks if a constant, moderate temperatet
pointis used

**Image sourcesttp://www.designerradiatorsdirect.co.uk/blog/amazirenefitsof-flat-panetradiators
http://www.jrfheating.com/radiatorsAndTowelHeaters panel.htm
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9 If setbacks are desired, customers should anticipatgéonvarntup times and program
temperature changes accordingly. I.e., if the kitchen should be warmed updedig@esat 7:00
am, the time setting on the thermostat may need to be well before then.

The team also conducted research on thermostat optiors tould enhance homeowner experiences

with proper outdoor reset controls. Unfortunately, it appears that there are not many available options.
{2YS GaYlFINIé¢ GKSN¥2all (a -up deBaior,bdt doingt SppearSaiinierail y f St
very well wih systems that have outdoor reset controls employe@iekmar makes a thermostat which

interacts with outdoor reset controls and can override an outdoor reset curve during morning-warm
6a022a0é FSIGdZNBUOD | 246 SPOSNE gsKinca it iFfGusaddaddmi@t? dzf R RS
and increasing boiler supply temperatures beyond the reset curve.

Given the uncertainty around the effects of programmed setbacks on condensing boiler performance,
the team recommends considering additional research is #nea to determine whether programmable
thermostat savings are appropriate for homes with condensing boilers.

Summary oBoilerRecommendations

The evaluation team recommends adds@me level ofjuality installation component to the HEHE
program for hgh-efficiency boilersAt minimum, the program should consider improving contractor
education on outdoor reset controls and investigate incentive options that could increase proper
outdoor reset control installation.

Because getting boiler controls imptented correctly is notlavays NS & ONR LJG A @S> a2y S &ah
process, walsorecommendcontinuing to researckhe benefits and costs of the additional
components described above

1) Training contractors to assess and consider the following optidren installing new systems:
a. Running Manual J calculations for each zone served by the new boiler to determine
whether arrent distribution is adequate to meet home loads at 140°F supply
temperature
b. Adding dstribution to meet home loads at 140°F supplynigerature
c. Making ewvelope improvements such that distribution can meet home loads at 140°F
supply temperature
2) Educainghomeowners on how to set thermostats for optimum performance

In addition to researching these HEHE initiative options for condensitegfdhe team recommends
that the PAs consider additional research in this area to determine whether current programmable
thermostat savings estimates are appropriate for homes with condensing boilers.

®pSad a¢NHzS wl RAFyGé FSI GdzNB O httbsh/ivest.caingsuppoR/&ritdé/NvhaéF 2 NJ | 3
isTrueRadiant
Nest customer feedback indicates lack of compatibilithvaititdoor reset:

https://community.nest.com/ideas/2093
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Appendix A Billing Data Disaggregation

Theevaluation teanconstructed a disaggregation tool to separate the heating andhemating portion
of the postinstallation consumption data using the following steps:

1. Estimate norheatingconsumptionby month using:
a. Building America inputs (i.e. load shapend input capacities of neimeating gas appliancesd)
b. Installation rates of gas ndneating appliances based time Massachusetts Residential
Appliance Saturation Survey (RASS)
2./ Ff£0dzZ I GS | @SNIF 3S adzyYYSNI dzal 3S 0 I gus gas édnsuniptios YSEHyYy 27
July and August usage are most representative ofimegting only consumption.
3. / FfAONY (S (e&ingechRiBitiddta the/sanymer average calculated in Step 2. This step
essentially scales the load shape profile to typicahsmer usage.
4. Calculate the percentage of heating versus 4@ating gas consumption for the peiststallation data for
each month.
5. 1 LI & GKS KSFdAy3a LISNOSyidGlr3asSa o6& Y2yaGK G2 SIOK LI NI
of the gas consumptimdata. This calculation is summarized in the following algorithm:
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Table28. Heating Percentage Factor Inputs

{dzo aONR LJi (2 alLISOA- N/A
TQ { dzo a ONRX LJi (2 éLJSO)\ N/A
o] {dzo AONR LIG (2 &LISOA- Billing data
Heating percentage factor: percentage of
00 P gas consumption allocated to heatiig p Calculated
month i and year j
6 Total heating and notheating gas Yni & Billing data

consumed in month i, year j, and dataset fa € £
Average norheating gas consumption

. g . b Calculated
percentage in month i and yer

Non-heating End Use Calculations

The evaluation teamsed the following inputs and calculations to determine billing data disaggregation
baseconsumption

2 Building America Benchmarking Program Database. U.S. Department of Energy, 2010.

tasSyas 'yitieSeo dal adal OKdzaSida wSAaARSYGALFE 1 LILXAFYOS { I
lylLfearadéd hLAYA2Y 5@yl YAOa /2NLRNIGA2YZT Hnndpd ¢KS ySg!
type by heating fuel type, thus the teansed data from RASS 2009. The team also collected home characteristics

on site and compared these to the RASS data: as the results were very similar, the team elected to use the RASS

values since that study had a much larger sample size.
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Water Heater Gas Consumption

0 0 0 zgz0Y
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{dz0 AONR LJi (2 alLISOA
Gas consumption of water heater in omMi i

0 month i T4 ¢ ED Calculated
« Gas consumption due to heat loss e .
° through tank walls in month i o1 gRwC Calculated
5 Gas consumption _due_ to heatm_g water M FOHC Calculated
from the water mains in month i
3 Number of days in month i Q@G € ED N/A
Y Market share of gas [versus electric] b RASS 2009
water heaters
v Temperature sepoint of water tank -
Y 6F33d2YSR MHp 6CO t llinois TRM
"y Temperature of ambient air near water Assumed
tanko  AadzYSR 17n 6CO
y Locationspecific temperature of water . Building America
mains in month i ) Benchmark
5 Thermal transmittance through the tank wo o Building America
walls D JO Benchmark
B Efficiency of the heating element in the b Building America
water heater (Assumed 7éercen) Benchmark
Y~ . . . o v Building America
O 0w Daily hot water demand in month i O  w Benchmark
v Average household occupancy in the 0Qi i é¢
v Massachusett$2.6) & 6 (G RASS 2009
566 Average household occupancy 0'Qi i ¢ ¢ Building America
determined by Building America @. @ 6 (G Benchmark

Clothes Dryer andétove/Oven Consumption
The evaluation teamsed stoveovenand dryerload shapes from Building America.
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Appendix B. Metered Data Analysis

After retrieving the data loggerthe evaluation teanprocessed the data through two main steps for
furnaces, and three steps for boilers. For furnaces, the first step was data quality control (QC) and
cleaning, and second, transforming the data from a series of on/off events to percent on per hour in

orderto compute hourly gas consumption for each site. For boilers, an additional round of QC, cleaning,
and transformation was required for the more involved spot measurements that accompanied the long

term measurements at each site. The long term data fordbaiites also included 1fecond data for the

supply and return water temperature, which required additional QC checks and enabled a more detailed

analysis of system performance.

Calculations: Furnaces

The evaluation team converted the filtered logger daty G 2 LISNOSy i a2y é LISNJI
LISNA2R® C2NJ RdzZrf &GF3S FdzNy I O0Sax 6SOI1dzasS (GKS
high stagethe evaluation teansubtracted the high stage operation time from the low stage operation
time to determine the actual low stage operation time per hour as outlined in the algorithm below:

YOE'YQaQ YOE'YQaQ YOo¢'YQaQ

YO & "YQ&a Q  Low stage furnace rutime in hour i 0 Qa '  Calculated

Yo € 'YQaQ Total furnace run time in hour i oag ¢ [20¢ &
logger data

Yo e YQaQ High stage furnace run time in hour i oag ¢ I A3Ke
logger data

K2 dzNJ
t20

The evaluation tearthen converted the run time in each stage to actual gas consumption using the gas

consumption spot measurements atfte average BTU content of natural gas in Massachu&tTise
algorithm below outlines the method for calculating the gas consumption of a dual stage furnace.
Owd € €l 6an0QEE

YO& YQEaR0ENOOOWIOE YQE ZEOENOGOO6 @Y YYNDO QE

*The BTU raticsia conversion factor for converting cubic feet to BTUs. This ratio varies seasonally and
geographically. The final number used is 1034 Btu/ft3, which is the Heat Content of Natural Gas Consumed in
Massachusetts in 2013 as provided by the Energy Informatdministration (EIA). Online source:
http://www.eia.gov/dnav/ng/ng_cons_heat_a_epg0_vgth_btucf_a.htm
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"O00 € € i 6 &n ¢ Furnace gas consumption in hour i "QOQW i Calculated

Yo ¢ 'YQa Q Low stage furnace run time in hour i 0 Qa ¢ Calculataetc)iolcealgorlthm
Yo e YQaQ Highstage furnace run time in hour i 0QaC al A3IKe adl 3
v~a s e a w ws . . 6 "Y'Y  Nameplate or onsite spot
0Oe n 6 0 6 wn Gas inputrate capacity of the low stage G measurement
. . . 6 Y'Y i

Ot N 60 0 0 WN Gas inpurate capacity of the high stage — Nameplate or onsite spot

0i measurement
s ey e : . "QOQG |
0"YY®0 Q¢ BTU to cubic feet conversion factor i — 2013 MA Average, EIA
0

The evaluation tearsummed the gas consumption in each hour to determine the total gas consumption
for the duration of the metering period’he team did not include modulating furnaces in the metering
sample because they would require a more complex metering approach. @imedees not believe this
biases the results because we would expect ratios of billing results to metering results to be similar
across modulating and nemodulating units even if actual consumption difféts.

Calculations: Boilers

Using the combination aletailed spot measurements and long term data collection at each of the

boiler sites, the team estimated both system efficiency and gas consumption of modulating boilers. The
steps in the calculations of system efficiency and consumption are outlineddmesxplained in more
detail below.

1. Calculations with spot measurement data (for each site)
a. Determine how combustion efficiency varies with return water temperature.
b. Determine the implied mass flow rate of water through the boiler.
2. Calculations with lonterm data (for each 15second interval of data for each site)
a. Estimate combustion efficiency based on return water temperature
b. Estimate gas consumption using measured temperature of water leaving and entering
the boiler, water mass flow rate, armbmbustion efficiency estimate.

Estimating boiler combustion efficiency from return water temperature
For condensing boilers, combustion efficiency is known to vary with return water temperature, as in the

following:

Where:

2 Modulating furnaces were approximately pércentof the rebated furnaces in 2013.
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Combustion Efficiency Measured
Y Return Water Temperature °F Measured

Specifically, efficiency is high at lower return water temperatures, and efficiency is low at high return
water temperatures. Furthermore, there generally a point at which the relationship between

efficiency and return water temperature changes dramatically; this chanagaet is typically in the range

of 115135°F. As return water temperatures drop below this chapgimt, the efficiency goes up
dramatically, and as return water temperatures increase above this change point, efficiency goes down,
but at a less dramatic rate. This relationship is illustrateligurell.

Figurell Spot measurement data of return water temperature and caustion efficiency for site 347
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90.0 —

875 T T
80 100 120 140
Return Water Temperature [F]

The blue line ifrigurell represents a segmented linear model (SLM). Segmented linear models are
essentially the combination of multiple linear models, with change points defining where each sub
model is relevant. Faites like the one ifrigurell, which had ample data across a wide range of
temperatures and efficiencies, a unique diéwel SLM was created togatict combustion efficiency

from return water temperature.

For sites that lacked sufficient data to generate an individual SLM, data was aggregated for multiple sites
and two average SLMs were created, one each for sites with high efficiency boilersr aitelsf with

low efficiency boilers. The split between high and low AFUE waspré8ntAFUE, this essentially

divided the boilers into one group of mostly pBrcentAFUE, and another group of <gércentAFUE. A
graphic of the SLMs for high and loWWE systems is givenkigurel2.
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Figurel2. Segmented linear models (SLMs) and raw dataliarh and low efficiency systems
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Estimating water mass flow rate

During spot measurements, water temperatur&sf('Yx3"Y, combustion efficiency}, and gas input

rate (0 ) were all measured simultaneously. With this set of simultaneous measurements, we can
estimate therate of water flow through the boilerx). Three basic relationships are combined into the
final equation for estimating water mass flow rate. First, the rise in water temperattifgig the

difference between supply and return.

Y Y Y

Second, lte heat transferred to water by the boiler is given by the following heat transfer equfation

0 a6 3y
Third, the boiler output rate is a function of the fuel input rate and combustion efficiency, as given
below.

) ) z _

Combining the above three relationships, the final formula for estimating water mass flow rate is given
below.

Where:

¥ |n all equations, a dotj above a variable indicates thatsta timedependent rate, as in water flow rate or
energy consumption rate.
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- Combustion Efficiency Measured
Y Return Water Temperature °F Measured
Y Return Water Temperature °F Measured
Y'Y Temperature Difference’Y "Y) °F Computed
0 Heat Capacity of Water Btu/(gal°F) Measured
é Water Mass Flow Rate gpm Computed
0 Energy Output Rate Btu/hr Computed
0 Energy Input Rate Btu/hr Measured

Note that in each of the spot measurements there is some measurement error. All of this error is
inherent in the measured parameters in the formulae above, so the final estimate of matss flow

rate includes any measurement error. This error is assumed to be the same during spot measurements
and long term data collection, leading to final estimates of boiler performance and fuel consumption
that are not biased by measurement error.

Longterm data calculations

With the combination of spot measurements and long term metered data, the team estimated two
performance metrics for each site: seasonal efficiency and total fuel consumption. Since most boilers
serve both space heating and hot wateeating loads, the fuel consumption estimate includes a
percentage for eacknd-use Spot measurement data provided both a means to estimate instantaneous
combustion efficiency from return water temperature ( "Q"Y ), and a method for estimating fuel
consumption rate from the combination of combustion efficiency and temperature rise across the
boiler, as in the following equation.

- ao 3Y

The final parameter needed to estimate gas consumption is the time that the boiler is on, and an
indicator for whether the boiler was serving a DHW load or a space heating load. Since temperature
data was collected at 18econd intervals, it was possible to estimate system efficiency and fuel
consumption rate every 15 seconds. Multiplying the fuelii@ate with the time interval’Q pand the
energy density of natural gas ( ) provides an estimate of gas consumption, as in the equation below.

0 6 zQo

In this study, seasonal efficiency is defined byftiilwwing equation, or the ratio of total system output
and total system input.

¥ Note that heat output and input are expressed in Btu/hr, while water mass flow rate is in gallons per minute, so
a conversion factor of 60 minutes per hour is used in practicenbushown in formulae for clarity.
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Broken down into its constituent parameters, the above equation can be simplified to terms of
measured variables only, as in the below equation.
0 Bad ¥YYQo B ¥'YQo

0 Bad YYQF- B YYQH-

Note that in the above equation, water mass flow rate is a constant on both sides of the ratio, and
cancels out. This means that long term data stlhbe used to estimate seasonal efficiency for sites
that lacked sufficient spot measurement data to provide a-sfiecific water mass flow rate estimate.

Table29. Boiler Calculation Nomenclature

Seasonal Efficiency Computed
6 Energy Output Btu Computed
0 Energy Input Btu Computed
5 Metering Eerlod Natural Gas #3 Computed
Consumption
Qo Time interval sec Measured
" Energy Density of Natur@as Btu/ft® EIA?
Q Time Interval index -

Data QC and Cleaning
The team performed extensive quality control and data cleaning to checkataggrors and transform
it from its raw form.This section details the key qualities which the team used to identify valid data.

Boiler Spot Measurements
The team checked that the spot measurement data for boilers to ensure that the following conditions
were met:

1 A consistent, usable estimate of vestmass flow rate could be attained
1 The boiler was not shoitycling on and off during the tests
9 The spot measurements covered a wide range of boiler performance.
o For boilers that served both space and water heating loads, this range included
tests to déermine operation in condensing and n@oendensing mode, low and
high output, and an additional test to characterize performance when serving a
hot water load.

Visual QC was the primary method for determining what data was usable, and what wafggnotl13

shows the three measured variables and one computed variable used to assess each site. From top to
bottom they are water temperatures, combustion efficiency, gas input rate, and computed water mass
flow rate. The left column of panels corresponds to acessful set of test data, while the right column
corresponds to data that could not be used.

%2 E|A databasenttp://www.eia.gov/dnav/ng/ng_cons_heat a epg0 vgth btucf a.htm
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Figurel3. Spot Measurement QC Examples. Usable data in the left plot, unusable data in the right
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For the test data shown on the tethe boiler was performing normally during the test, and operation in
high- and lowefficiency ranges was observed. Additionally, with the exception of the beginning and end
of the test, the implied water mass flow rate is fairly constant. In the erelf¢hm removed data from

the beginning and end of this test and kept the data corresponding to stetady boiler performance.

For data shown on the right &ligurel3, the boiler was cycling on and off during the test, and both the
temperature difference between supply and return and the gas input rate were varying significantly and
rapidly, leading to a high and inconsistent estimate of water massifhte. This is an example of an

entire test that did not yield any usable data.

Long Term Data

For both boilers and furnaces, the primary driver of gas consumption is the gas valve within the heating
equipment. When this valve is open, the equipmentaasuming fuel, thus a very reliable set of on/off

data is required for each site. The next section discusses the visual QC approach taken for on/off loggers,
which applies to furnace gas valves, boiler gas valves, and any pump or fan motors, such ais tomest
water pumps.

State Logger Visual QC

The evaluation tearfirst analyzed the logger data for quality. We constructed histograms of time
between state changes (examplefigure14d 2 A RS yPinka&&RloggeFfieard adpled flicker
filters to reflect the actual operation of the furnace. Under the condition where the time between state

BeCt AOTSNE 200dzNE 6 KSy (16K oG Siyr  (f @S F0S2NY €lj daaid (& F2yaR0 A 2 A T

characterizing the true operation of the furnace or boiler.
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changes is less than the flicker filter limit, the flicker filter corrects the data to the previous state before
flicker was observed.

Figureld. Example of Flicker Identification via Histogram Chart of Event Duration

Histogram of Duration of State [Seconds]
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The xaxis is a logarithmic scale of event duration, and taxig shows the frequency of event durations.

The two spikes and two and three seconds likely indicate flicker (due to nearby currents or startup pulses)
and not actual gas consumption.

Theevaluation teanset custom flicker filters for loggers that showed significant flicker slightly above 10
seconds. In the example shownRigurels, the teamdetermined that boiler operation is better
characterized by setting a flicker filter limit of 20 seconds, which still only reduced the furnace run time
estimation by 0.4$¢ercentcompared to no flicker filter limit. Generally flicker filters hatliaial effect
(between Opercentand 0.8percent)on the estimation of furnace run time.

Figurel5: Example of High Flicker Identification via Histogram Chart of Event Duration

Histogram of Duration of State [Seconds]
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For furnaces, Navigant generated weekly, monthly, and seasonal graphs to ensure the blower motor
operation, gas valve operation, and indoor temperature data were considtgnire16 shows an

example of these weekly graphs, which in this particular case Navigant determined the dataset to be
reasonable based on matching blower (top) and single stage gas valve operation (middle) and the
temperature setbaks (bottom) associated with lack of furnace operation.
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Figurel6: Example Weekly Furnace Operation Graphs
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Source: Navigant analysis

For boilersthe evaluation teangenerated daily and seasonal graphs to ensure circulation paotpr
operation, gas valve operation, flue temperature, supply and return water temperature, and indoor
temperature data were consistenEigurel6 shons an example of these daily graphs, which in this
particular casehe teamdetermined the dataset to be reasonable based on matching primary and
secondary circulation pumps, single stage gas valve operation, supply and return water temperatures,
flue temperature and the space temperatures associated with heating events.
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Figurel7. Example Daily Boiler Operation Graphs

Site: 358 )
150 - — %A 7~ % g
@EE Supply Water Temperature ‘I‘/f \,\1 \f \f’\ [ g 8
125- 2
- Return Water Temperature A g
il *aceanns &
1.00- — — —
0.75- . . -
oo Primary Circulation Pump Motor —l 10205793_5«e353_%marym|or §
0.25- P{imary Motor.On.Off %‘
0.00- —_— 10206793
1.00- =
.75 - . .
»». Secondary Circulation Pump Moto
0.25-

0.00- —)

w0 Gas Valve

660.v201 || zsorvzor ||

w. Flue Temperature

70.0-
7:- Zone 1 Space Temperature M
825 T raoeees
70-
% Zone 2 Space Temagure 1306607_Sie 358_Tompre2
&= B

T T T T T
Feb 18 18:00 Feb 19 00:00 Feb 19 06:00 Feb 19 12:00 Feb 19 18:00

89SG0EL || Z0BOEEOL

| zose0gL

The evaluation teamalso used meter readings from the installation and retrieval visits as a quality check

G2 SyadaNB GKFIG GKS OF t Odz I GSR FdzNy I O0S O2yadzYLIiAzy
JFa dzaS F2NJ GKS &1YS GAYS LISN&A@ RiP2 ¢ KRSY GABA) WX LBIP
sites and analysis errors.

Boiler Specific Data QC

In addition to the primary visual QC step with state logger data, and the initial round of visual QC of spot
measurements, the team checked the long term data flooiler sites with an additional level of

scrutiny. At a high level, this consisted of spot checking-8prées data to ensure that water

temperature and gas valve data were synchronized, and representative of a working boiler. The major
objectives of visal QC of long term boiler system data were to confirm that:

1 When the gas valve is open:
0 Supply and return water temperatures increase or stay high
0 Supply temperature is greater than return temperature
0 Space temperature or domestic hot water temperaturergases
0 Flue gas temperature is high
1 When gas valve is closed:
0 Supply and Return water temperature decrease, or stay low
0 Flue temperature is low
1 Check for false positives and negatives
o Ifthe gas valve is open and water temperatures stay the same or degrids
indicates a false positive or evidence that the gas valve and temperature data are out of
sync.
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o If the gas valve is closed and water temperatures increase, this indicates a false negative
and evidence that the gas valve and temperature data areobsync.
1 Domestic hot water checks
0 The above three gas valve checks can also be applied to the domestic hot water pump,
and domestic hot water temperature.
o0 Ensure that domestic hot water pump and boiler system operate together; there should
not be a casevhere the domestic hot water grows hotter while the boiler is off.

An example of another visual QC tool is given belokigarel8, which shows a twbour period of raw
data on theleft and aggregate distributions of data for the entire metering period on the right. The
addition of the histograms showing data for the entire metering period help to identify high, low, or
unusual areas of fuel input, terepature, and efficiency.

Figurel8. Boiler Data Visuaization QCTool
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Left panel shows a two hour period in detail, and right panel shows the aggregate distributions of
efficiency, gas input, and water temperatures for the entiretering period.
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When all of the boiler quality checks were complete and all unusable data was removed, the final data
set used in computations included some sites with a full season of metered data, as well as adequate
spot measurements to estimate comstion efficiency and water flow rate. The table below documents
what data could be used in each step of the analysis, and an explanation for why some data could not be

used.

Figurel9. Detailed Boiler Site Disposition
Sites with ~ Sites with

AnalysisPhase usable unusable Explanation
data data

1 n¢ gl a G22 avYlrtf RdzNAY
implied flow rate was greater than 20 gpm
Boiler was short cycling during tests
Only capturedow-efficiency, highoutput
performance, and did not capture the leautput,
high-efficiency performance (or vieeersa)
Estimating water 58 12 In one case, the gas meter was not rotating smoothly and
mass flow rate consumption estimates weri@consistent

Some loggers showed data as 'on' or 'off' for weeks or
months at a time, and could not be used. Some showed
Gas valve state 56 14 flicker or other anomalies at the beginning or end of the
data, and in such cases we trimmed ttestd of the data and
kept what was usable

1 One site sustained watatamage to the logger.

1 One boiler showed severe shaycling, thus the
supply and return are so close together that
67 3 estimates of consumption are low or negative.

1 One site showed return inexplicably hotter than
supply towards the end of heating events, renderi
consumption esmates unusable.

Sites with full usable See above notes on why individual sets of gmge or
54 16
longterm data temperature data could not be used.
This is the final set of sites with usable long term sets of
Sufficient for supply and return water temperature and gas valve state
estimating 42 28 data, as welhs spotmeasurements for estimating water
consumption mass flow rate. The team eliminated the top and bottom tv
outliers, leavings 38tss in the final analysis.

Initial QC 59 11

=a —a

Spot Measurements

Supply and return
temperature

LongTerm Data

Summary
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